The close relationship between endothelial and hematopoietic precursors during early development of the vascular system suggested the possibility of a common yet elusive precursor for both cell types. Whether similar or related progenitors for endothelial and hematopoietic cells are present during organogenesis is unclear. Using inducible transgenic mice that specifically label endothelial and hematopoietic precursors, we performed fate-tracing studies combined with colony-forming assays and crosstransplantation studies. We identified a progenitor, marked by the expression of helix-loop-helix transcription factor stem cell leukemia (SCL/Tal1). During organogenesis of the kidney, SCL/Tal1 + progenitors gave rise to endothelium and blood precursors with multipotential colony-forming capacity. Furthermore, appropriate morphogenesis of the kidney vasculature, including glomerular capillary development, arterial mural cell coating, and lymphatic vessel development, required sphingosine 1-phosphate (S1P) signaling via the G protein-coupled S1P receptor 1 in these progenitors. Overall, these results show that SCL/Tal1 + progenitors with hemogenic capacity originate and differentiate within the early embryonic kidney by hemovasculogenesis (the concomitant formation of blood and vessels) and underscore the importance of the S1P pathway in vascular development.
A common progenitor for blood and vessels, the hemangioblast, was proposed about 100 years ago. 1 Recent studies provided evidence supporting the existence of hemangioblasts and identified transcription factors involved in their differentiation. [2] [3] [4] [5] [6] However, their presence and contribution in vivo to the development of blood and vessels is still controversial. 7 Further, the contribution of such progenitor to blood and blood vessel formation during early organogenesis remains to be tested. Helix-loop-helix transcription factor stem cell leukemia (SCL/Tal1) not only identifies putative hemangioblasts but is also essential for their differentiation. 8, 9 Within the SCL locus, a 59 enhancer directs its expression to the endothelium and a 39 enhancer guides expression to early hematopoietic precursors. 9 Using mice with tamoxifeninducible Cre expression driven by either enhancer, 10, 11 we designed experiments to trace the fate of SCL+ progenitors and define their role in hemovasculogenesis in the embryonic kidney.
Interestingly, kidney vascular development initiates, in mice, around embryonic day (E) 12.5, before it connects to the systemic circulation. On the basis of embryonic kidney crosstransplantation studies and single-cell microaspiration followed
RESULTS

SCL+ Precursors Give Rise to Renal Vascular ECs
To label the EC-SCL and hematopoietic stem cell (HSC)-SCL precursors generated during definitive hematopoiesis, which begins around E10.5 in mice, 2 0 we performed daily maternal tamoxifen injections from E9.5 to the day before harvesting EC-SCL-Cre-ERT +/2 ;R26
LacZ/+ and HSC-SCL-Cre-ERT +/2
;R26 LacZ/+ embryos. As shown in Figure 1 , in the EC-SCL-Cre-ERT +/2 ;R26 LacZ/+ embryo, b-gal+ cells from the EC-SCL lineage were widely spread within the metanephric mesenchyme around the dividing ureteric bud (at E12.5) and formed nascent vascular endothelial Figure 1 . SCL+ endothelial precursors give rise to renal endothelium but not mural cells in the embryonic kidney. (A) Kidneys of EC-SCl-Cre-ERT +/2 ;R26 LacZ/+ mice treated with tamoxifen at E9.5 show EC-SCL progenitor-derived cells labeled by X-gal staining in blue (b-gal+) distributed within the metanephric mesenchyme surrounding the branching ureteric bud (UB) at E12.5, in a nascent vessel (dashed rectangle) at E13.5 and in ECs of renal arteries and arterioles (arrows), peritubular capillaries (arrowheads), and glomerular capillaries (dashed arrows) at E15.5 and E17.5. (B) b-gal+ (green) cells coexpress the EC marker PECAM-1 (red) (arrows, upper panels), but not the mural markers a-SMA (red) and myosin heavy chain (red), or the lymphatic EC marker LYVE-1 (red) (lower panels). Nuclei were stained with Hoechst (blue). (C) E13.5 EC-SCl-Cre-ERT +/2 ;R26 LacZ/+ mice treated with tamoxifen at E6.5 show several b-gal+ cells (green) costained with PECAM-1 (red) in the developing vessels (arrows) of the kidney. Nuclei were stained with Hoechst (blue). (D) Immunostaining of E13.5 kidney consecutive sections from HSC-SCl-Cre-ERT +/2 ;R26 LacZ/+ mice treated with tamoxifen at E6. 5 showed that only few b-gal+ cells coexpressed the early EC marker Flk1(inset, arrow head). Instead, most of them were distributed in the undeveloped mesenchyme (M) and coexpressed SCL/Tal1 (inset, arrow). Scale bars: 50 mm (A, C, and D) and 100 mm (B).
tubes with hemoglobin+ erythroblasts in their lumen (at E13.5). By E15.5, the kidney had developed glomerular and peritubular capillaries, arterioles with SMC coating, and veins. ECs of all types of blood vessels were b-gal+ in kidneys of EC-SCL-Cre-ERT +/2 ; R26 LacZ/+ mice at E15.5 and E17.5, suggesting their EC-SCL origin ( Figure 1A) . Interestingly, kidneys from HSC-SCL-Cre-ERT +/2 ;R26 LacZ/+ mice (at E12.5 to E17.5) showed a small population of vascular ECs in addition to the expected putative blood cells derived from the HSC-SCL precursors (Supplemental Figure 1A ). Further, costaining by immunofluorescence showed that EC-SCL and HSC-SCL lineage cells expressed the EC marker platelet endothelial cell adhesion molecule (PECAM-1/ CD31) but did not express a-smooth muscle actin (a-SMA), myosin heavy chain, or the lymphatic endothelial marker lymphatic vessel endothelial hyaluronic acid receptor 1 (LYVE-1) ( Figure 1B, Supplemental Figure 1B ), suggesting that kidney ECs have a distinct origin from the mural cells of arteries and veins and from the lymphatic endothelium. In addition to the early metanephric mesenchyme and typical embryonic hematopoietic sites (yolk sac, aorta-gonad-mesonephros [AGM], and fetal liver), HSC-SCL lineage cells were observed in multiple developing organs and structures, such as heart, brain, lung, gut and limbs (not shown).
To trace the fate of EC-SCL and HSC-SCL precursors generated before E9.5, we injected tamoxifen at E6.5 to allow the Cre-LacZ expression span from E6.5 to E8.5, encompassing the period of yolk sac hematopoiesis (E7.5). In E13.5 embryos, b-gal+ cells derived from both precursors were present in the kidney (Figure 1, C and D) . Similar to the EC-SCL-Cre-ERT +/2 ;R26 LacZ/+ mice injected at E9.5, the labeled EC-SCLderived cells were positive for PECAM-1 ( Figure 1C ). However, in the kidney of HSC-SCL-Cre-ERT +/2 ;R26 LacZ/+ mice, cells coexpressing b-gal and SCL were mainly distributed in the undeveloped mesenchyme and did not overlap with Flk1+ endothelium ( Figure 1D ). It is possible that these cells are from early progenitors before the commitment to the EC lineage.
SCL+ Hematopoietic and Hemogenic Endothelial Progenitors in the Early Embryonic Kidney
To investigate in vivo the presence of erythroid progenitors in the early embryonic kidney, we crossed ER-GFP-Cre mice (harboring a GFP-Cre knockin into the erythropoietin receptor locus) to R26 LacZ/LacZ mice. Figure 2 shows that in the E13.5 kidney, b-gal+ erythroid cells are also positive for hemoglobin, Nanog, and hematopoietic precursor markers, such as Runx1 and SCL/Tal1 (Figure 2A ). At this age, the kidney is undergoing formation of nascent endothelial tubes. Note that Nanog is a stem cell marker and hemoglobin is widely expressed in the hematopoietic lineage, including long term repopulating HSCs, suggesting that some of these cells within the embryonic kidney may not be erythroblasts but earlier hematopoietic precursors.
To identify multipotential and lineage-committed hematopoietic precursors, we performed an in vitro methylcellulose based colony-forming cell (CFC) assay using cells from E12.5 kidneys and livers (as controls) of ER-GFP-Cre +/2 ;R26 YFP/+ mice. During culture, the progenitors differentiated into different types of colonies characterized by their size, morphology, and cellular composition. The results showed that cells within these organs formed two types of early-stage hematopoietic colonies (CFU-GEMM, containing granulocytes, erythrocytes, monocytes/ macrophages, and megakaryocytes; CFU-GM, containing granulocytes and macrophages). The YFP reporter was found homogeneously expressed in 25% of the CFU-GEMM derived from kidney cells ( Figure 2B ), but not in the CFU-GM colonies. In addition, Nanog+, Runx1+, and SCL+ hematopoietic precursors without b-gal expression were also found in the metanephric mesenchyme or in forming renal vessels (Figure 2A ). These results indicated the existence of at least two different early hematopoietic precursors within the embryonic kidney.
To further investigate the contribution of the HSC-SCL precursors to multipotent hematopoietic precursors in early embryonic kidney, we performed CFC assays using kidney and liver cells from E12.5 HSC-SCL-Cre-ERT +/2 ;R26 mTmG/+ embryos treated with tamoxifen from E9.5 to E11.5 ( Figure 2C ). After 12 days in culture, CFU-GEMM and CFU-GM formed at a rate of 30 colonies per 10 5 kidney cells ( Figure 2D ), suggesting that the developmental stage of hematopoietic precursor cells in the early prevascular kidney spans from early multipotent to later myeloid precursors. In this model, green fluorescent protein (GFP) reporter expression was observed in approximately 20% of the colonies from the kidney and liver ( Figure 2D ). Overall, this experiment demonstrates that the embryonic kidney possesses multipotent hematopoietic precursors derived from HSC-SCL+ cells.
By E13.5, the EC-SCL precursors (labeled at E6.5 or from E9.5 to E12.5) gave rise to a subset of blood-like cells in the kidney (Supplemental Figure 2A) . Thus, we investigated whether these cells were hematopoietic precursors. Within the kidney, cells derived from the EC-SCL progenitors labeled from E9.5 to E12.5 showed expression of hemoglobin, SCL and Runx1 ( Figure 2F ). When the progenitors were labeled at E6.5, the E13.5 kidneys showed b-gal+ cells coexpressing SCL and angiotensin-converting enzyme (ACE) (Supplemental Figure 2B ). These results suggest that the EC-SCL progenitors in the early embryonic kidney generate hematopoietic cells.
Next, to study the potency of the hematopoietic cells derived from renal EC-SCL precursors, we performed CFC assays from kidneys and liver of E12.5 EC-SCL-Cre-ERT +/2 ;R26 mTmG/+ mice treated with tamoxifen (E9.5 to E11.5). CFU-GM and CFU-GEMM formed at a rate of 25.364 colonies per 10 which allows the development of the vasculature in the embryonic kidney. Prevascular kidneys from E12.5 EC-SCL-Cre-ERT +/2 ; R26 LacZ/+ mice and their Cre2 siblings were transplanted under the kidney capsule of adult wild-type hosts. Then the hosts were treated with tamoxifen for 7 days to induce Cre expression in the EC-SCL precursors present at E12.5 in the transplanted embryonic kidneys. As shown in Figure 3 , the transplanted kidneys developed vessels with b-gal+ ECs and vascular SMCs coating (Figure 3A) . Hematopoietic cells derived from EC-SCL precursors were also identified in the vessels of the transplanted kidney ( Figure  3A ), confirming that those hematopoietic precursors originated in situ. In transplanted kidneys from E12.5 HSC-SCL-Cre-ERT +/2 ;
R26
LacZ/+ mice, HSC-SCL precursors gave rise to a small population of renal vascular ECs ( Figure 3B ). The transplanted kidneys from Cre2 control mice of both strains developed mature arterioles and nephrons similar to the Cre+ ones but, as expected, lacked b-gal+ cells. These results further supported the notion that the embryonic kidney has the capability to establish its own vasculature and blood cells at an early stage.
To investigate whether intrinsic renal EC-SCL precursors are required for the development of the kidney vasculature, we designed experiments to ablate renal EC-SCL precursors in the early developing kidney. We crossed EC-SCL-Cre-ERT mice with R26 DTA/DTA mice, which express diphtheria toxin subunit A (DTA) in the presence of Cre recombinase, resulting in specific cell ablation. To overcome the embryonic lethality resulting from ablation of ECs, we took advantage of the crosstransplantation technique described earlier. We transplanted E12.5 kidneys of EC-SCL-Cre-ERT +/2 ;R26 LacZ/+ ; R26 DTA/+ mice (and DTAcontrols) under the kidney capsule of adult R26 mTmG/mTmG host mice (which expresses ubiquitously cell membranelocalized red fluorescence) and induced DTA expression in EC-SCL precursors after transplantation. In the DTA+ transplanted kidneys, there were significantly reduced numbers of b-gal+ ECs ( Figure 3C ). Measurement of area fraction (percentage) of PECAM-1+ cells in frozen sections of transplanted kidneys showed that the EC area fraction of DTA+ kidneys (1.8%) was reduced compared with controls (3.98%) ( Figure 3D ). Importantly, cells from the host (expressing red fluorescent protein [RFP]) do not contribute to the EC endowment in control or DTA+ transplanted kidneys ( Figure 3D ). These experiments underscore the requirement of intrinsic EC-SCL precursors within the early embryonic kidney for normal organogenesis.
Timed Deletion of S1P1 in Renal EC Precursors Results in Abnormal Renal Vascular Development
To study the role of S1P1 in the development of the kidney vasculature, we induced the deletion of S1P1 in the SCL+ ECs at E10.5 (just before nephrogenesis starts at E11.5) and at E12.5. The iEC-SCL-S1P1KO embryos showed severe dorsal subcutaneous edema, hemorrhages ( Figure 4A ), and bradycardia and died around E14.5 to E16.5. To confirm the deletion of S1P1 in ECs, we performed RT-PCR for S1P1 in sorted SCL+ ECs (GFP+) from E15.5 kidneys of iEC-SCL-S1P1KO-mTmG and heterozygous Cre+ control mice. (Supplemental Figure 3) .
Because at E15.5 the kidney starts to form mature renal arteries and arterioles with SMCs and pericytes coating the EC tubes, we first characterized the kidneys of iEC-SCL-S1P1KO mice and their Cre+ control siblings at this age. X-gal staining showed striking dilatation of intrarenal arteries and veins in kidneys of iEC-SCL-S1P1KO mice ( Figure 4B ), accompanied by a marked increase in the number of cells derived from EC-SCL precursors ( Figure 4C ). Coimmunofluorescence staining for PECAM-1 and phosphorylated histone H3 (pHh3) showed a significant increase of EC proliferation in intrarenal arteries, veins, and peritubular capillaries in kidneys of iEC-SCL-S1P1KO mice ( Figure 4C) . No difference was found within the glomerular capillaries ( Figure 4C ).
At E15.5, mature glomeruli appear in the deep renal cortex of both iEC-SCL-S1P1KO mice and control mice. Capillary shunts (single dilated glomerular capillary lumens) were present within the glomeruli of iEC-SCL-S1P1KO mice ( Figure  4D ). This phenotype may be due to abnormal development of mesangial cells, which normally support and maintain the structure of the glomerular capillaries as clumps of mesangial cells were present within the abnormal glomeruli ( Figure 4D ).
Unlike previous findings in the aorta of S1P1 fl/fl ;Tie2-Cre +/2 mice and S1P1KO mice, immunostaining for a-SMA showed that SMCs covered the whole circumference of arteries and arterioles ( Figure 4D ). However, their orientation was disturbed with a-SMA+ cells aligning irregularly outside of the endothelial tubes ( Figure 4D ). In addition, lymphatic ECs (LYVE-1+) were absent in the kidneys of iEC-SCL-S1P1KO mice ( Figure 4D) . Most of the LYVE-1+ cells were not labeled by X-gal staining in control mice, confirming that the lymphatic endothelium originates from a distinct progenitor ( Figure 4D ).
Kidney Vascular Abnormalities of iEC-SCL-S1P1KO
Mice Are Intrinsic and Not Secondary to Extrarenal Defects In addition to the kidney, we studied abnormalities in other major organs of the iEC-SCL-S1P1KO mice. The most significant abnormalities were found in the heart. The interventricular septum and ventricular myocardium compact layer, especially of the left ventricle, of iEC-SCL-S1P1KO mice were thinner than those in control mice (Supplemental Figure  4 , A and B). Intramyocardial vessels of the iEC-SCL-S1P1KO mice were dilated (Supplemental Figure 4C) .
To elucidate whether the phenotype observed in the iEC-SCL-S1P1KO mice was intrinsic to the kidney and not secondary to heart failure or other extrarenal anomalies, we transplanted E12.5 kidneys of iEC-SCL-S1P1KO and control siblings under the kidney capsule of wild-type host mice. We induced Cre expression and subsequent S1P1 deletion with simultaneous reporter expression after transplantation. iEC-SCL-S1P1KO transplanted kidneys also showed EC hyperplasia, dilated intrarenal arteries and veins, and glomerular capillary shunts ( Figure 5 ), suggesting that the abnormal renal vascular development was not secondary to heart failure and underscoring the intrinsic role of endothelial S1P1 in kidney vascular development.
Kidney Vascular Development Ex Vivo Requires S1P-S1P1 Signaling Embryonic kidneys under ex vivo culture conditions are able to develop a normal tubular epithelial compartment (i.e., ureteric bud branches and glomerular epithelial differentiation) but not a normal vasculature. To test whether renal vascular development is regulated by the S1P-S1P1 signaling, we performed embryonic kidney cultures exposed to synthetic S1P and S1P1 inhibitor 2-Amino-N-(3-octylphenyl)-3-(phosphonooxy)-propanamaide (VPC23019, named VPC hereafter) treatment. Four groups of E12.5 kidneys were cultured and treated with vehicle, S1P, S1P and VPC, and VPC alone, respectively, for 72 hours.
Immunostaining for PECAM-1, as expected, showed that untreated (vehicle) embryonic kidneys did not develop an organized vasculature. Similarly, treatment with VPC alone resulted in abnormal disorganized endothelium of intrarenal vessels. However, the kidneys with S1P treatment developed a normal thin layer of ECs, which was attenuated by adding VPC (Figure 6, A and B) . All the cultured kidneys lacked small vessels, including arterioles, peritubular capillaries, and glomerular capillaries (Figure 6 , A and B) and mesangial cells ( Figure  6C) .
Moreover, abundant platelet-derived growth factor receptor (PDGFR)-b+ cells, presumably SMC precursors, were identified in close association with ECs in kidneys of the four groups ( Figure 6C ). The most a-SMA+ cells were found widely distributed in the kidneys with S1P treatment (not shown), compared with the few found in the other groups, in which PDGFR-b+ cells do not acquire the a-SMA marker, indicating lack of maturation of the SMC coating of the vessels in culture.
DISCUSSION
In this study we show that the early embryonic kidney possesses SCL+ hemovascular precursors that contribute to the intrinsic generation of endothelium concomitant with blood generation, a process that was previously defined as hemovasculogenesis. 13, 21, 22 We found that within the kidneys, SCL+ precursors give rise to hemogenic ECs of renal arteries, veins, arterioles, peritubular capillaries, and glomerular capillaries. Furthermore, we show that S1P1 expressed in SCL+ derived ECs controls the development and assembly of the renal vasculature ( Figure 7) .
Using graft studies and multiple markers, including Flk1, Flt1, and Tie1, other groups have identified early EC precursors for the glomerular microvessels in the rodent kidney. [23] [24] [25] Whereas our studies suggest that SCL+ precursors originate locally in the kidney, the fact that we found cells derived from the SCL+ precursors labeled at E6.5 or E9.5, before the kidney starts to form, indicates the possibility that precursors from the yolk sac and AGM may have seeded the intermediate mesoderm before the condensation and development of the "avascular" metanephric mesenchyme.
Our fate-tracing studies identified SCL+ derived hemogenic ECs and hematopoietic precursors in E12.5 and E13.5 kidneys by immunostaining, CFC assay, and crosstransplantation studies. During early embryogenesis, hematopoiesis was found to occur in organs other than the yolk sac or the AGM region. A recent study showed that the mouse embryonic head also functions as a hemogenic organ to a similar extent as the AGM region, which suggests broader potential hemogenic areas in the mouse embryo; this is in agreement with previous studies showing that hemovasculogenesis also occurs in the head mesenchyme of early embryos. 13, 26 The kidney is a major hemogenic organ in teleosts, such as zebrafish. Our results suggest that the mouse kidney also functions as a temporary hemogenic organ via hemovasculogenesis during early embryogenesis. Although we did not identify SCL+ lineage-derived blood cells in the embryonic kidneys at later stages (E15.5 and E17.5; data not shown), they might directly join the blood circulation at earlier stages and home to the classic hematopoietic sites, such as fetal liver, spleen, and bone marrow. In fact, the connection between the embryonic kidney and peripheral circulation is already established at E15.5. In our CFC assays, not all colonies were labeled by reporter expression. The unlabeled colonies may originate from earlier hematopoietic precursors or may have escaped the induction by tamoxifen. These results agree with our fate-tracing studies of EC-SCL and HSC-SCL precursors using X-gal staining and immunostaining. Interestingly, we found that the HSC-SCL precursors give rise not only to blood cells but also to a small population of ECs within the embryonic kidney, suggesting the early embryonic presence of endothelial heterogeneity within the same organ.
The temporary hemogenic function of the embryonic kidney may serve as a smooth transition before the establishment of the connection to the general circulation, as the formation of a local vascular system also requires blood to generate regulatory factors, such as S1P. A recent study has shown that deletion of red blood cell-specific sphingosine kinases 1 and 2 in mice results in abnormal vascular development, which can be rescued by treatment with an S1P1 receptor agonist. 27 Thus, the SCL+ hemogenic precursors in the embryonic kidney give rise to a small population of blood cells, which in turn may function as crucial regulators for the concomitant development of the kidney vasculature. Interestingly, the development of the renal vascular tree is hindered in the culture system. The smaller vessels and glomerular capillaries in the nephrogenic zone are missing in the cultured kidneys even with S1P treatment, suggesting that the development of these vessels requires other factors, such as blood flow, angiogenic factors (such as vascular endothelial growth factor A), and a hypoxic microenvironment.
Recent studies show that S1P1 inhibits sprouting angiogenesis of retinal vessels in mice by regulating interactions between VECadherin and VEGFR2 during vascular development. 28, 29 Our study indicates that S1P1 functions as an inhibitor of angiogenesis in a cell autonomous manner within the kidney. E14.5-E15.5 iEC-SCL-S1P1KO embryonic kidneys and crosstransplanted kidneys displayed increased EC proliferation and EC hyperplasia. In culture, the embryonic kidneys treated with VPC and S1P+VPC developed hyperplastic ECs of intrarenal vessels, whereas in those treated with S1P the EC layer was thin. Because S1P is mainly generated by erythrocytes and ECs, and the plasma level of S1P is higher than that in the tissue, lack of S1P normally supplied by the circulating blood may lead to the EC hyperplasia in cultured kidneys. Although proliferation in the developing glomerular capillaries of iEC-SCL-S1P1KO kidneys did not significantly increase, they developed capillary shunts with abnormal mesangial cells, suggesting a distinct role of S1P1 in the development of glomerular capillaries compared with other renal blood vessels. Mesangial cells play an important role in the development and stabilization of the glomerular capillary loops. [30] [31] [32] It has been hypothesized that the mesangial cell splits the single vessel into multiple parallel branches, which form the capillary tufts. 32 However, exactly how the capillary loops form and the molecular cues guiding this process are unknown. Previous studies showed that knockout of several transcription factors expressed in podocytes (Pod1, Foxc2, Limx1b, and Krm1/MafB) resulted in a decreased number of capillary loops and abnormal mesangium similar to what we observed in our study. [33] [34] [35] [36] Therefore, S1P1 may be involved in the interactions among podocytes, ECs, and mesangium to regulate the development of the glomerular capillary loops. Whether S1P1 operates through the transcription factors mentioned earlier requires further investigation.
Deletion of S1P1 in EC precursors did not result in absence of mural cells of the renal vessels; however, the SMC layer was disorganized, and the vessels of cultured kidneys lacked SMC coating. Although S1P treatment to the kidneys in culture increased the number of a-SMA+ cells, the kidneys still showed vascular SMC recruitment defects. Although this result could be due to the culture system, the overall agreement between the in vivo and in vitro studies suggests that in fact S1P-S1P1 signaling controls the recruitment of mural cells during vascular development.
Interestingly, the iEC-SCL-S1P1KO mice showed abnormal heart development. S1P1 is ubiquitously expressed in multiple cardiac cell types, including cardiomyocytes, fibroblasts, SMCs, and ECs. 37 Furthermore, S1P1, S1P2, and S1P3 are expressed in cardiomyocytes and mediate cardioprotection from hypoxia. [37] [38] [39] Until now, the role of endothelial S1P1 in the heart was unclear. Our study suggests that S1P1 expressed in cardiac ECs may not only regulate vascular development but also play an important overall role in heart development.
An additional finding from our study is the lack of lymphatic vessels in the kidneys of iEC-SCL-S1P1KO mice. Previous studies have shown that lymphatic ECs start to appear in the mouse kidney at E13.5 40 and that multiple cell types contribute to the their development, including venous derived ECs, mesenchymal cells, and hematopoietic cells. 41 ;R26 LacZ/+ mice suggests a distinct origin of lymphatic ECs from non-SCL+ precursors. However, S1P1 expressed in vascular ECs still seems to play a key role in development of the renal lymphatic vessels. The mechanism involved remains to be investigated.
We showed that iEC-SCL-S1P1KO mice developed severe edema. The accumulated interstitial fluid caused by absence of lymphatic vessels, the abnormal SMC coating of blood vessels, and abnormal heart function may have increased hydrostatic ;R26 LacZ/+ kidneys treated with vehicle, S1P, S1P+VPC, and VPC in culture for 72 hours and subjected to immunostaining for PECAM-1 and PDGFR-b. (A) Immunofluorescence for PECAM-1 (in green) showed that control kidneys (vehicle) and kidneys treated with VPC developed thickened EC layer (white lined area), whereas those treated with S1P showed a thin layer of ECs. Kidneys treated with S1P+VPC developed even thicker EC layers in the renal vessels. Note that tubular (T, in red) staining in green was due to background signal (also found in control sections without the PECAM-1 antibody). (B) Similar results (without tubular background staining) were observed by immunohistochemistry using 3,39-diaminobenzidine as a substrate (black lined area). Glomerular capillaries did not develop in vitro (A and B, arrows). (C) Immunofluorescence for PDGFR-b showed that a large number of PDGFR-b+ mural cells (white lined area) were closely associated with vessels in kidneys exposed to all treatments. Kidneys from all the groups lacked mesangial cells (arrows). Scale bar: 50 mm.
pressure and therefore contributed to prominent vessel dilation, hemorrhages, and dorsal edema. In summary, as depicted in Figure 7 , our data showed that vascular endothelium and blood cells originate in situ from SCL+ precursors in the mouse prevascular embryonic kidney. The S1P-S1P1 signaling pathway controls the development and assembly of the kidney vasculature during mouse early embryogenesis.
CONCISE METHODS
Mice
The generation of ER-GFP-Cre, 44 EC-SCL-Cre-ERT, 10 HSC-SCL-Cre-ERT, 11 49 and R26
LacZ/LacZ mice to investigate whether ablation of EC precursors affects kidney development. Pregnant mice were injected with tamoxifen (2 mg/30 g body wt) intraperitoneally. Inducible endothelial S1P1KO mice (iEC-SCL-S1P1KO) were generated by crossing the EC-SCL-Cre-ERT mice to S1P1 fl/fl (Jackson Laboratory #019141) 19 
Immunohistochemistry and X-gal Reaction
Sections (7-mm thick) of 4% paraformaldehyde fixed and cryoembedded tissues were subjected to X-gal staining and immunostained following standard protocols. 50 Antibodies are described in Supplemental Material.
CFC Assays
Kidney and liver cells were harvested from E12.5 mouse embryos and disaggregated with collagenase (M7902, StemCell Technologies) at 37°C. The single cells were diluted in Iscove's Modified Dulbecco's Medium with 5% FBS and grown in MethoCult GF (M3434, StemCell Technologies) for assessment of mouse hematopoietic progenitors. Cells in MethoCult were plated in duplicate samples at 1310 5 cell per 30-mm dish. After incubation for 12 days at 37°C in 5% humidified CO 2 , the dishes were scored for CFUs according to standard criteria. CFU-GEMM colonies are large colonies containing .500 cells, with a highly dense core (red or brown) and indistinct border between the core and peripheral cells. CFU-GM colonies contain .30 cells with dense cores (without red or brown). Individual cells can be distinguished at the edge of the colonies (described in the manual for mouse CFU assays using MethoCult, StemCell Technologies).
Embryonic Kidney Crosstransplantation
The crosstransplantation of embryonic kidneys under the kidney capsule of adult hosts were performed as described previously. 12 After surgery, host mice were injected with tamoxifen (1 mg/30 g body wt) intraperitoneally daily for 7 days. Detailed procedures are described in Supplemental Material.
Measurement of Endothelial Area Fraction in the Transplanted Kidneys
To measure the EC area fraction, we performed immunofluorescence for PECAM-1 (green) on frozen sections (six sections/animal) of 
Measurement of Endothelial Proliferation
Endothelial proliferation was quantified on kidney sections from E14.5 iEC-SCL-S1P1KO mice and control siblings by scoring number of cells with phosphorylated histone H3 (pHh3) (RFP+) expression in the nucleus and PECAM-1 (GFP+) expression on the cell membrane. The total area of kidney sections was measured using ImageJ software.
Embryonic Kidney Culture E12.5 kidneys from Hoxb7-Cre +/2 ;R26 LacZ/+ mice were dissected in DMEM-Ham's F-12 medium with 1% FBS and cultured on filters in 24-well plates with 800 ml of culture medium (DMEM/Ham's F-12 medium with 1% FBS, 1% HEPES, 1% antibiotic antimycotic, and 0.5% insulin-transferrin-selenium media supplement) plus the following: (1) vehicle (3% fatty acid free BSA + 5 mmol/L HCl + 4.75% DMSO) (n=7); (2) 1 mmol/L S1P (1370, Tocris) (n=7); (3) 1 mmol/L S1P + 1 mmol/L VPC 23019 (857360P, Avanti Polar Lipids Inc.) (n=7); and (4) 1 mmol/L VPC23019 (n=6). Medium was changed daily. Kidneys were harvested after 72 hours and processed for whole-mount X-gal staining followed by postfixation, embedding, sectioning, and immunostaining as previously described. 50 
Statistical Analyses
Data are shown as mean6SEM. Statistical analyses were carried out by t test using Microsoft Excel 2011 version 14.5.3 (Microsoft Corporation). P,0.05 was considered to represent statistically significant differences.
